In this work, we present a comprehensive study of the low energy optical magnetic response of the skyrmionic Mott insulator Cu2OSeO3 via high resolution time-domain THz spectroscopy. In zero field, a new magnetic excitation not predicted by spin-wave theory with frequency f = 2.03 THz is observed and shown, with accompanying time-of-flight neutron scattering experiments, to be a zone folded magnon from the R to Γ points of the Brillouin zone. Highly sensitive polarimetry experiments performed in weak magnetic fields, µ0H < 200 mT, observe Faraday and Kerr rotations which are proportional to the sample magnetization, allowing for optical detection of the skyrmion phase and construction of a magnetic phase diagram. From these measurements, we extract a critical exponent of β = 0.35 ± 0.04, in good agreement with the expected value for the 3D Heisenberg universality class of β = 0.367. In large magnetic fields, µ0H > 5 T, we observe the magnetically active uniform mode of the ferrimagnetic field polarized phase whose dynamics as a function of field and temperature are studied. In addition to extracting a g eff = 2.08 ± 0.03, we observe the uniform mode to decay through a non-Gilbert damping mechanism and to possesses a finite spontaneous decay rate, Γ0 ≈ 25 GHz, in the zero temperature limit. Our observations are attributed to Dzyaloshinkii-Moriya interactions, which have been proposed to be exceptionally strong in Cu2OSeO3 and are expected to impact the low energy magnetic response of such chiral magnets.
I. INTRODUCTION
Non-trivial spin textures have become a hotbed of research due to their unique physical properties and potential applications in spintronics and information storage. Skyrmions 1 , topological whirls of magnetic spins, are a prime example of such a non-trivial spin texture 2 . A skyrmion phase, in which a hexagonal lattice of skyrmions is formed, was recently predicted to exist in chiral magnets 3, 4 , and has since been observed in the metallic B20 helimagnets: MnSi 5 , FeGe 6 , and Fe 1−x Co x Si 7, 8 . The skyrmion phases of these materials possess unique electrodynamics 9 such that they can be manipulated via application of an electrical current or thermal gradient 10 and have accordingly attracted intense experimental interest.
Optical spectroscopy is exceptionally well-suited for studying these chiral magnets as their nearly ferromagnetic nature ensures an ordering wavevector of k ≈ 0 which is directly probed by optical experiments. However, high precision optical transmission experiments of single crystal skyrmion materials has thus far been impossible due to their metallic nature. This has been particularly detrimental to the optical study of their low energy magnetic response which generally requires bulk samples.
Recently, a skyrmion phase with unique physical properties was shown to exist in the insulating chiral magnet Cu 2 OSeO 3 [11] [12] [13] . The low symmetry crystal structure of Cu 2 OSeO 3 permits multiferroism [14] [15] [16] as well as magnetoelectric coupling [17] [18] [19] , which recent measurements have shown results in a finite polarization that onsets in conjunction with magnetic order at T c ≈ 58K 20, 21 . This finite polarization allows for coupling between magnetic skyrmions and applied electric fields 12,13 -a promising mechanism for technological applications and novel devices 22, 23 . Accordingly, the magnetic and magnetoelectric properties of Cu 2 OSeO 3 have been the focus of intense investigation 20, 21, [24] [25] [26] [27] .
From an optics perspective, the large Mott insulating gap of Cu 2 OSeO 3 naturally separates electric and magnetic degrees of freedom [28] [29] [30] , allowing for direct access to the magnetic response via transmission optics. Spectroscopic investigations have since been performed from the microwave [31] [32] [33] [34] to the visible 30 frequency ranges. However, experiments performed at infrared or terahertz (THz) frequencies have so far only occurred at two extremes of the phase diagram, either in zero applied magnetic field 29, 35 or in large pulsed magnetic fields of order µ 0 H ≈ 10T 36 . To date, no THz experiments have been performed in weak magnetic fields (µ 0 H ≤ 200 mT), within the various magnetic phases of Cu 2 OSeO 3 , including the skyrmion phase. Additionally, a detailed investigation into the dynamics of the known THz excitations as a function of temperature and magnetic field has not yet been presented.
In this work, we present a comprehensive high resolution optical study of the skyrmion insulator Cu 2 OSeO 3 arXiv:1704.04228v1 [cond-mat.str-el] 13 Apr 2017 2 in the THz regime via time-domain THz spectroscopy (TDTS). As our experimental energy range, ω = 1 -10 meV, is far less than the bulk band gap, ∆ g ≈ 2 eV 30 , we directly access the low energy magnetic response of Cu 2 OSeO 3 . Experiments are performed within three distinct regimes of magnetic field: µ 0 H = 0, µ 0 H ≤ 200 mT, and µ 0 H ≥ 5 T. In zero field, we observe a new magnetic excitation which is revealed to be a zone folded magnon from the zone boundary to the zone center which has not been predicted by spin-wave theory. Highly sensitive polarimetry experiments performed in weak magnetic fields observe Faraday and Kerr rotations which are proportional to the sample magnetization, allowing for optical detection of the skyrmion phase and construction of a magnetic phase diagram. In large magnetic fields, we study the field and temperature dependent dynamics of the uniform mode of the field polarized phase. The uniform mode is found to decay through a non-Gilbert damping mechanism and to possess a finite spontaneous decay rate in the zero temperature limit. The potential damping mechanisms of this mode are discussed.
II. H-T PHASE DIAGRAM
Figure 1(a) shows the crystal structure of Cu 2 OSeO 3 37 which crystallizes in the cubic, but non-centrosymmetric, space group P2 1 3
38 . The unit cell forms a distorted pyrochlore lattice with 16 Cu 2+ (S = 1/2) ions residing on the vertices of 4 corner sharing tetrahedra. Each tetrahedron is composed of one Cu(I) site (orange spheres) and three Cu(II) sites (blue spheres), which possess distinct crystal field environments 20, 39 . This low symmetry structure results in five unique Heisenberg exchange interactions and five Dzyaloshinskii-Moriya (DM) 40, 41 interactions within the unit cell. These exchange interactions are classified as either "strong" or "weak" depending on whether they couple two intra-tetrahedral or two intertetrahedral Cu 2+ spins respectively. Experiments 42, 43 and calculations 28, 44, 45 reveal that the "strong" couplings result in a semi-classical ferrimagnetic arrangement for each tetrahedron, in which the Cu(I) spin orders antiferromagnetically to the three parallel Cu(II) spins (Figure 1(b) ). This ground state is well separated from the first excited state by a large energy gap of ∆ ≈ 275K, 28, [42] [43] [44] such that each tetrahedron can be treated as an effective S = 1 spin -which form the basic magnetic building blocks of Cu 2 OSeO 3 . The resulting effective unit cell then consists of four S = 1 spins arranged in the Trillium lattice, a structure identical to that of the B20 helimagnets, revealing why such similar phase diagrams result from seemingly dissimilar compounds 34 . The magnetic phase diagram can then be understood as competition between the "weak" Heisenberg and "weak" DM exchange interactions between these effective S = 1 spins 28, 44, 45 . With |D ij | < |J ij |, the resultant magnetic order in zero field onsets at T c ≈ 58K in the form of a long wavelength helix (λ ≈ 50 nm) 11, 46 as shown in . Weak cubic anisotropy pins these helices to degenerate high symmetry directions of the cubic structure, resulting in a"multi-domain helical phase." Application of a magnetic field cants the spins in the direction of the applied field. At H c1 the applied field overcomes the weak cubic anisotropy resulting in a "single-domain conical phase," shown in Figure 1(d) , in which the helices co-align into a single domain with a conical arrangement of spins 11, 46 . Further increasing the applied magnetic field smoothly tunes the cone angle to zero at H c2 , thereby untwisting the magnetization, resulting in a field polarized ferrimagnetic phase as shown in Figure 1 (e). While the exact values of the critical fields depends on the demagnetization factors of the sample, H c1 and H c2 are generally on the order of 10 mT and 100 mT respectively 11, 46 . Much like the B20 helimagnets, a skyrmion phase spanned by ≈ 2K and ≈ 30 mT just below T c is stabilized by Gaussian thermal fluctuations 5 and has since been detected by a variety of techniques [11] [12] [13] 26, 46, 47 . In this phase, skyrmions form a hexagonal lattice much like Abrikosov vortices in type-II superconductors. Such a phase can be thought of as a double twisting of the magnetization which results from the superposition of 3 3 helices with k vectors at 120 degrees to one another 46 . The skyrmion diameter is identical to the helical phase wavelength, d ≈ 50 nm, which is three orders of magnitude larger than the inter-atomic spacing 11 revealing skyrmions to be vast mesoscopic spin structures.
Multi-

III. METHODS
Phase pure single crystals of Cu 2 OSeO 3 were grown by chemical vapor transport. Cu 2 OSeO 3 powder was placed in an evacuated fused-silica tube with a temperature gradient of 640
• C -530
• C, with NH 4 Cl as the transport additive, using seed crystals to increase yield. Purity of single crystals was verified by magnetization and X-ray diffraction experiments, showing reproducibility of physical property behavior and good crystallinity. For more details see Ref. 48 .
TDTS measurements were performed on a hand polished single crystal sample with plane parallel sides of cross sectional area of ≈ 3 mm × 3 mm and thickness d = 0.92 mm. The orientation of the sample was such that the (1,1,0) direction was normal to the sample surface. Experiments were performed using a home built spectrometer with applied magnetic fields up to 7 T in Faraday geometry ( k THz H dc ) 49 . The polarization was such that the THz oscillatory fields e ac c and h ac (110) directions respectively. TDTS is a high resolution method for accurately measuring the electromagnetic response of a sample in the experimentally challenging THz range. In a typical TDTS experiment, the electric field of a THz pulse transmitted through a sample is measured as a function of real time. Fourier transforming the measured electric field and referencing to an aperture of identical size allows access to the frequency dependent complex transmission spectrum of the sample which is given by,
Here d is the sample thickness, ω is the frequency, c is the speed of light, n is the sample's complex index of refraction, and normal incidence has been assumed. A Newton-Raphson 50 based numerical inversion of the complex transmission is then used to obtain both the frequency dependent real and imaginary parts of the index of refraction.
The index of refraction, n = √ µ = n + ik, contains both the electric and magnetic responses of the sample as THz fields can couple to both electric and magnetic dipole transitions. In principle, the linear magnetoelectric properties of Cu 2 OSeO 3 introduce an additional contribution to the index of refraction such that n = µ ± χ ME , where χ ME is the magnetoelectric susceptibility. However, at the level of sensitivity of the present experiments we observe no magnetoelectric effects in the THz range suggesting that the magnetoelectric susceptibility is small compared to the linear electric and magnetic susceptibilities, χ ME χ M , χ E . We therefore neglect the magnetoelectric contribution to the index of refraction in our analysis and ascribe absorptions as stemming from purely electric or magnetic effects.
The linear THz response of a sample can be represented in the Jones calculus 51 as a 2×2 complex transmission matrix of the form,
However, the overall symmetry of Cu 2 OSeO 3 restricts the response such that the transmission matrix is fully antisymmetric, i.e. T xx = T yy and T xy = −T yx 52 . One can then identify off diagonal elements of the transmission matrix with rotation of the plane of polarization of light by the sample. Polarization rotation experiments were done through the use of a rotating polarizer 53 technique, which allows for simultaneous measurement of two elements of the transmission matrix. The complex rotation angle is then given by the relation θ = tan −1 ( Tyx Txx ). Fully antisymmetric transmission matricies can be diagonalized by a circular basis transformation, T r = T xxiT xy and T l = T xx + iT xy , suggesting experiments performed in Faraday geometry are best understood in the circular basis. Data taken in applied magnetic field will therefore be presented as either a polarization rotation or in the circular basis.
Time-of-flight neutron scattering experiments were performed on the SEQUOIA instrument at the Spallation Neutron Source of Oak Ridge National Laboratory. To enhance the signal to noise ratio, we co-aligned more than 50 single crystals to yield a mass of ≈ 5g. A mosaic of less than 0.5 degrees was ensured by design of a custom mount to orient the samples according to their as-grown facets. The co-aligned mosaic was cooled to 4 K in a bottom-loading CCR. An incident energy of 20 meV was chosen with the fine chopper rotating at a rate of 180 Hz. Individual monochromatic measurements were performed as the sample was rotated through 180 degrees in 0.5 degree steps about the (hh 0) axis. These same spectrometer settings were used to measure Vanadium incoherent scattering for absolute normalization of the differential scattering cross-section. Reduction of the data was performed using Mantid 54 and subsequent analysis was performed with Horace 55 .
IV. EXPERIMENTAL RESULTS
A. Temperature Dependence two prominent features, The first is a nearly linear background which shows decreasing dissipation as the temperature is reduced. The origin of this background is an intense infrared active phonon at 2.5 THz, which is outside our experimental frequency range 29 . The reduction of this background with reducing temperature presumably results from a narrowing of this phonon at lower temperatures. The second, and more interesting, feature in the spectra is the clear absorption with a resonant frequency of f 0 = 2.03 THz (8.40 meV). As shown in Figure 2 , this excitation begins developing at T ≈ 120 K and displays an increasing intensity and simultaneous narrowing as the temperature is reduced.
This absorption was previously reported in far infrared experiments performed by Miller et al. 29 in which it was hypothesized to be a low frequency phonon. It was reported that this absorption displayed no response to weak magnetic fields up to 14 mT applied parallel to the sample surface and no anomalous behavior at the magnetic ordering temperature T c ≈ 58K. Although the potential magnetic dipole or magnetoelectric character of the excitation could not be excluded as the response to larger magnetic fields or anisotropy upon change in field direction or incident polarization was not investigated.
However, the intensity of this excitation is generally problematic for the phonon interpretation. This becomes obvious when one compares the spectral weight (plasma frequency) of this excitation to that of the other known infrared optical phonons of Cu 2 OSeO 3 , which were also reported by Miller et al. 29 . In general, a phonon's plasma frequency can be related to its total spectral weight through the sum rule
A comparison reveals that the spectral weight of the low frequency excitation observed in this work is a staggering 10 4 to 10 8 times weaker than any of the other infrared optical phonons observed in Cu 2 OSeO 3 , suggesting a different origin for this excitation. Instead, the intensity of this excitation is much more consistent with magnetic excitations in single crystal samples. The weak intensity of magnetic excitations derives from the fact that the THz magnetic field interacts far more weakly with matter than the THz electric field.
Further support for the magnon interpretation of this excitation is provided by the momentum resolved capabilities of inelastic neutron scattering. Shown in Figure 3 (a) is a false color map of the differential scattering cross-section at 4 K (to be detailed in a related upcoming publication 56 ). The peak energy of the excitation in question has been overlaid at the (111) zone-center (Γ 111 ), where a dispersive magnon branch reaches its highest point. Judging from its energy, relatively weak intensity, and local curvature at the apogee, it appears to be a zone-folded replica of the magnon band whose intensity is strongly peaked at the zone boundary R 111 = ( 3 /2 3 /2 3 /2) point. This observation suggests a more direct comparison between these two spectroscopic techniques. Figure 3 (a), overlaid with the dissipative part of the index of refraction from THz spectroscopy. This presentation makes evident the agreement in energy between these modes, which is determined by neutron scattering as f =2.05(3) THz. Differences in the excitation width result from the inherent energy resolution limit of the neutron spectrometer. The calculated full width at half maximum (FWHM) instrumental energy resolution of the neutron spectrometer is 0.31 meV at the energy transfer of the observed excitation. Together, these observations motivate the conclusion that the mode observed by THz spectroscopy is, in fact, a zone-folded magnon-a new magnetic excitation which has not been previously predicted by spin-wave theory 28, 44 .
With the magnetic character of this excitation determined, the dynamical properties of this magnon can be found from fitting the spectra to an oscillator model with the following form,
where, ω 0 , Γ, S, and µ ∞ represent the magnon frequency, full width at half max, oscillator strength, and high frequency permeability of the lattice respectively. Figure 4 displays the temperature dependent oscillator parameters, (a) f 0 = ω 0 /2π, (b) Γ, and (c) S, of the low frequency magnon as determined from fitting the spectra with Eq. 2. An additional linear background was included in the fits to account for the high frequency phonon at 2.5 THz. Error bars in the figure are based on the quality of the fits. Unlike the results reported from Miller et al. 29 , we uncover a coupling of this excitation to the magnetic structure of Cu 2 OSeO 3 . One can see in Figure 4 (a) that the magnon frequency displays a weak softening as the temperature is lowered, reducing by ≈ 1% from 100K to 4K. A clear anomaly is observed in the magnon's frequency at T c ≈ 58K (vertical dashed lines in Figure 4) , further supporting the magnetic character of this excitation. A similar anomaly at T c is observed in the width of the excitation, shown in Figure 4 (b), which shows the general trend of lower damping at lower temperatures. The far infrared FTIR transmission spectroscopy experiments of Miller et al. 29 likely did not posses the level of sensitivity needed to observe these features which explains why this softening and sensitivity to the magnetic structure was not previously observed. However, our experiments are able to determine the magnon frequency to a precision of ≈ 0.5 GHz (2 µeV), allowing for detection of such subtle effects.
It may seem unusual that this magnetic excitation persists to such high temperatures, well above the magnetic transition at T c . However, this mode physically corresponds to the rigid rotation of all the spins of a single tetrahedra 44 . As mentioned above, these tetrahedra remain well defined entities far above T c due to the strong exchange interactions between spins within the tetrahedra. Therefore, the observation of this mode up to 120 K is consistent with the strongly entangled tetrahedra picture of Cu 2 OSeO 3 28 . Interestingly, we find this excitation does not display any discernible magnetic field dependence up to µ 0 H = 7 T in Faraday geometry. We discuss this lack of field dependence, the folding of this zone boundary mode to the zone center, and the additional new observation of a gap in the magnon spectrum at the zone boundary in the discussion below.
B. Magnetic Field Dependence
Magnetization Dependent Faraday and Kerr Rotations
Rotation of the plane of polarization of incident radiation upon transmission (Faraday rotation) or reflection (Kerr rotation) can often be related to the underlying symmetry of the material under investigation. For instance, the non-centrosymmetric chiral structure of Cu 2 OSeO 3 permits natural optical activity, rotation of the plane of polarization of linearly polarized light upon transmission in zero applied magnetic field, an effect which was recently observed in the visible range 30 . Additional gyrotropic effects can occur when time reversal symmetry is broken, for instance by the spontaneous magnetization of the sample. In this case the index of refraction matrix is fully antisymmetric with off-diagonal terms, assuming linear response, proportional to the sample magnetization 57 . A circular basis transformation reveals that linearly polarized light undergoes Faraday and Kerr rotations proportional to the sample's magnetization upon transmission [57] [58] [59] [60] . Examination of the proportionality constants reveals that the Kerr rotation is expected to be weaker than the Faraday rotation by a factor of ≈ d/λ, 57 which in the case of this experiment is ≈ 3. Such magneto-optical effects allows one to treat polarization rotations as measures of the order parameter of the magnetically ordered phases and can therefore be used to construct a magnetic phase diagram.
For a single pass transmission experiment we can write the total polarization rotation of Cu 2 OSeO 3 as,
where θ NOA is the natural optical activity intrinsic to the chiral lattice of Cu 2 OSeO 3 , θ F (M (H, T )) is the complex magnetization dependent Faraday rotation, and higher order terms have been neglected. The natural optical activity is too weak to observe in our long wavelength THz measurements as it scales inversely with the wavelength of light. Instead, improved signal to noise is obtained by subtracting the zero field rotation from the field dependent data. This is justified as although Cu 2 OSeO 3 orders in zero magnetic field, the helical phase is marked by domain formation such that the net magnetization in this phase is zero. If we define θ Tot (H, T ) = θ Tot (H, T )−θ Tot (H = 0, T ), then the field dependent polarization rotation, normalized by the sample thickness d, is given by,
Additional information and enhanced signal to noise can be achieved by examining multiple reflections ("echos") of the THz pulse through the sample. The symmetry and finite magnetization of Cu 2 OSeO 3 results in a Faraday rotation that further rotates upon reflection inside the sample. Therefore, the first echo of light, which travels through the sample a total of three times, gains a contribution to its rotation that is three times the Faraday rotation of the first transmitted pulse. Additionally, the first echo also reflects internally off the sample surface twice, each time gaining a Kerr rotation that will also be magnetization dependent, but is expected to rotate in the opposite direction of the Faraday rotation 57 . Therefore the total polarization rotation of the first reflected pulse is given by,
. (5) where, the first and second terms represent the Faraday and Kerr rotations respectively. Thus, the complex Faraday and Kerr rotation angles can be measured independently if both the first transmitted and first reflected pulses of terahertz light through the sample are measured. Figure 5 displays the results of our polarimetry experiments of Cu 2 OSeO 3 . Figure 5 (a) shows the real part of the extracted Faraday rotation per mm of sample thickness, as defined in Eq. 4, as a function of frequency and applied magnetic field at T=10K. The Faraday rotation in our spectral range shows little frequency dependence. However, structure can be found in the field dependence of the data. Figure 5(b) shows the real part of the Faraday rotation as a function of magnetic field obtained from averaging the data in Figure 5 (a) over the frequency range shown at each temperature.
The proportionality between the Faraday rotation and magnetization is easily observed in Figure 5 (b). The Faraday rotation is small at temperatures above T c ≈ 58K. Below T c , the system enters the multi-domain helical phase where magnetic order develops but with multiple domains resulting in no net magnetization. Therefore, no additional Faraday rotation that results from magnetic ordering is expected at temperatures below T c in zero applied field. Once a magnetic field is applied the spins cant in the direction of magnetic field resulting in a linear increase in magnetization and therefore an identical trend in Faraday rotation. At H c1 the helices co-align and the system enters the single-domain conical phase, which is accompanied by a jump in magnetization. The corresponding increase in Faraday rotation can be observed for fields H c1 ≈ ±50 mT at T=5K. At larger magnetic fields, H ≥ H c2 , the system enters the field polarized phase resulting in a saturation of the magnetization and Faraday rotation. Cu 2 OSeO 3 can be constructed from the data shown in Figure 5 (a)-(c). Here we focus primarily on the Faraday rotation, as the signal to noise is much better than that of the Kerr rotation due to technical aspects of our measurement. In order to appropriately identify phase boundaries, subtle features in the data must be identified which are more easily observed in the temperature dependence and field derivatives of the Faraday rotation. Figure 5 (d) displays the temperature dependence of the Faraday rotation at constant fields, where the phase boundary between the conical and field polarized phases is evident. Figure 5(e) shows the first derivative of the Faraday rotation with respect to magnetic field at constant temperatures, a quantity proportional to the magnetic susceptibility of the sample. The transition from the helical to the conical state is now easily identified as a sharp maximum in the derivative. The phase boundary between the conical and field polarized phases can be identified as the field beyond which the first derivative is zero or identically as a sharp maximum in the second derivative. Figure 5(f) shows an image plot of the data in Figure 5 (e) in which clear phase boundaries at H c1 (bright green) and H c2 (red to blue) are easily observed.
Figures 6(a) displays our extracted H-T phase diagram of Cu 2 OSeO 3 as determined from our polarization rotation experiments. Symbols are the extracted phase boundaries from the data shown in Figure 5 while dotted lines result from power law fits of the data given by the expression, H c (T ) = H c (0)(1 − (T /T c ) α ) β , which was previously found to describe the data in both µSR 25 and ac susceptibility 61, 62 investigations. We restrict the critical exponent α=2 as has been done previously 25, 61, 62 and is expected for a three dimensional system 63 . From these fits we extract a critical temperature of T c = 58.4±0.4 K and a critical exponent of β = 0.35±0.04 at H c2 . Our extracted critical temperature is in excellent agreement with previous investigations. While our extracted value of β at H c2 is in reasonable agreement with the β = 0.367 of the 3D Heisenberg model and the β ≈ 0.37 -0.39 found in previous experiments of Cu 2 OSeO 3 25,61,62 . Figure 6 (b) displays the derivative of the Faraday rotation with respect to field at T=57K, a temperature at which all of the magnetic phases of Cu 2 OSeO 3 can be observed. Dotted lines and distinct colors mark different magnetic phases. The skyrmion phase manifests in the magnetic susceptibility, and therefore in the derivative of the Faraday rotation, as an additional minimum shown in pink in Figure 6 
THz Dynamics of the Uniform Mode
While one can obtain an approximate understanding of the magnetic phases of Cu 2 OSeO 3 by reducing the unit cell to four weakly coupled effective S=1 spins, an understanding of the excitation spectrum requires consideration of the full spin Hamiltonian in conjunction with quantum fluctuations. Such a full quantum treatment has been performed by Janson et al. 28 and Romhányi et al. 44 , while corresponding neutron scattering 42, 43 , high field THz ESR 36 , and Raman spectroscopy 35 experiments reveal a striking agreement between the theoretical and experimentally observed excitation spectrums.
Of particular importance to this work is the lowest energy excitation of Cu 2 OSeO 3 . At the single tetrahedron level, the ground state is a three-fold degenerate triplet comprised of states with quantum numbers |S, S z = |1, −1 , |1, 0 , |1, 1 . Each of these states are themselves a coherent quantum superposition of four classical ground states 28, 44 . Turning on interactions between tetrahedra at the mean field level mixes single tetrahedron states with identical symmetry. The new resultant ground state is then a non-degenerate superposition of the original |1, 1 triplet state and a higher energy |2, 1 quintet state with wavefunction |ψ t = cos (α/2) |1, 1 +sin (α/2) |2, 1 , where the variational parameter α controls the degree of mixing 28, 44 . One can see that the ground state wavefunction of each tetrahedron is no longer a state of definite angular momentum and states can only be labeled by their S z components. Including quantum fluctuations into the theory renormalizes the excitation spectrum. In zero field the lowest energy excitation is a parabolically dispersing Goldstone mode associated with the reduction of symmetry from SU(2) to U(1) in the ferrimagnetic state 28, [42] [43] [44] . Application of magnetic field gaps the Goldstone mode, which is hereafter referred to as the uniform mode, by an amount proportional to the field through Zeeman coupling 36, 64 . Figure 7 displays the results of our high field transmission experiments in which the uniform mode is observed. Improved signal to noise and systematics were obtained by applying a cosine window function to the data in the time-domain before Fourier transforming. Here data is presented in the right hand channel of the circular basis which, as discussed in the methods section above, is an eigenpolarization of the system. We find that the uniform mode is only active to right hand circularly polarized light, as expected for a magnetic excitation with a well defined magnetic dipole moment of ∆S z =-1 44 . Figure 7(a) displays the magnitude of the complex transmission of Cu 2 OSeO 3 at T=5K as a function of magnetic field and frequency. The uniform mode enters our accessible frequency range around µ 0 H ≈ 5T and can be seen to display an increase in resonant frequency and a narrowing width with increasing applied field. Figure 7 (b)-(c) displays the (b) real and (c) imaginary parts of the magnetic susceptibility extracted from the data shown in Figure 7 (a) and Eq. 1. In order to extract the magnetic susceptibility, data were referenced to identical field scans at T=100K, a temperature at which the absorption is no longer observed. The implicit assumption here is that the dielectric properties of Cu 2 OSeO 3 do not appreciably change below 100K, typically a good assumption for such a large gap insulator 65 .
The data presented in Figure 7 were fit to the general model given in Eq. 2 in order to extract the dynamical properties of the uniform mode. Figure 8 (a) displays the extracted resonant frequencies, f 0 = ω 0 /2π, as a function of magnetic field at T=5K, the temperature at which the highest resolution of our measurement is obtained. Error bars are based on the quality of the fits. The dotted line is a linear fit of the data as expected for Zeeman coupling. From this fit we obtain an effective g-factor of g eff = 2.08 ± 0.03, which is in excellent agreement with the expected value for Cu 2+ spins and the THz ESR measurements of Ozerov et al. 36 which previously reported g eff = 2.1 ± 0.1.
Additional information regarding the dynamics of this mode can be obtained by examining the width of the excitation as a function of temperature and magnetic field. In the limit of no disorder, the excitation width represents the decay rate (Γ), or the inverse lifetime, of the uniform mode. Figure 8 dependence of the width of the uniform mode at fields between 6T and 7T is shown in Figure 8 (c). A broadening of the uniform mode with increasing temperature is observed. Such thermal broadening can be ascribed to enhanced decay through interactions with thermally excited magnons, processes which become frozen out at low temperatures.
The functional dependence of the decay rate with temperature may reveal additional information regarding the decay processes of the uniform mode. Magnon decay through magnon-magnon interactions is a well studied topic dating back to the earliest days of spin wave theory [66] [67] [68] . In the simplest case, the spin wave Hamiltonian is completely harmonic, i.e. spin waves are noninteracting plane waves. Interactions can be included by introducing anharmonic terms into the Hamiltonian which couple magnon states. In general, such interaction terms do not conserve quasiparticle number and one must rely on symmetry and conservation laws to determine which decay channels are permitted 69 . In the simplest cases, the temperature dependence of such decay processes can expressed as a polynomial expansion in temperature with terms proportional to T and T 2 for the lowest order three and four magnon interactions respectively 67 . Terms proportional to T 3 or greater result from higher order magnon-magnon interactions that are neglected in our analysis. Far less conventional are magnon decays at zero temperature, i.e. spontaneous decays, which arise from quantum, not thermal, fluctuations 69 . The spontaneous decay rate will in general be a function of magnetic field stemming from field dependence of the kinematic requirements 69, 70 which must be satisfied for decays to occur.
Therefore we can write the total decay rate of the uniform mode as a function of both field and temperature as
where the Γ 0 (0, H) is the spontaneous decay rate and the terms proportional to T and T 2 result from three and four magnon interactions respectively as described above.
Dashed lines in Figure 8 (c) are fits of the data to Eq. 6. The decay rate is well described by Eq. 6 and an extrapolation of the fits to the zero temperature limit reveals a finite spontaneous decay rate. 14 , nearly twice the symmetric exchange. Thus, it is reasonable to assume that DM interactions may have a more profound impact in Cu 2 OSeO 3 than other chiral magnets. As it is expected that DM interactions modify the spin-wave spectrum at low energies near the Γ point 42, 44 , the exact region probed by low energy optical spectroscopy, we believe that many of the observations made is this work can be attributed to such DM interactions.
In zero field, we observed a magnetic excitation with frequency f 0 ≈ 2.03 THz (8.40 meV) which we demonstrated is a zone folded magnon from the zone boundary to the zone center. It should be noted that Cu 2 OSeO 3 displays no change in either structural or magnetic symmetry from T c down to at least 10K 20 , suggesting a different mechanism for this folding. Assuming spinwave calculations, which treat the unit cell as an FCC lattice, have captured the symmetry of Cu 2 OSeO 3 correctly, then we attribute this new magnon excitation to DM interactions which thus far have not been included in calculations. We speculate that this mode is permitted by symmetry to exist at the Γ point but is silent in the spin-wave calculations due to vanishing intensity. However, DM interactions, which will presumably mix magnon states, may give intensity to this otherwise silent mode. We hope this study will motivate future spin-wave calculations which include the DM interactions to further investigate.
The lack of discernible field dependence of this mode may be consistent with the mechanism described above. Spin-wave calculations predict a degeneracy between two magnon bands at the R point, the higher energy magnon being a singlet associated with rotating the spins of a single tetrahedra against the mean field exerted by neighboring tetrahedra 44 . Presumably DM interactions will mix magnon states at this high degeneracy point, opening a gap in the magnetic spectrum. One can see in Figure 3 that indeed a clear gap is observed at the zone edge at 9 meV, which is reported here for the first time. We speculate that this mixing results in a band character at the extrema that is predominantly singlet, explaining the lack of field dependence when this mode is then folded to the zone center. Again, spin-wave calculations which include DM interactions or neutron scattering measurements in magnetic field, which have not yet been performed, would be needed to investigate this further.
The helical, conical, and skyrmion phases of Cu 2 OSeO 3 are stabilized by the competition between DM and Heisenberg exchange interactions. In this work we showed that such phases can be detected by high resolution polarimetry experiments. Here we only remark that it is surprising that the observed Faraday rotation in the THz range possesses no frequency dependence. One would generally expect that the THz spectra would display signatures of the low frequency excitations of Cu 2 OSeO 3 , for instance the helimagnon skyrmion 34 excitations or the uniform mode. Although these excitations lie at lower frequencies than those probed by our measurements in zero or small magnetic fields, spectral signatures of these excitations are generally expected to extend to higher frequencies. Instead we observe Faraday and Kerr rotations with no discernible frequency dependence within our spectral range.
In large magnetic fields, we studied the field and temperature dependent dynamics of the uniform mode of Cu 2 OSeO 3 . We found this excitation to surprisingly narrow with increasing applied magnetic field, suggesting a dominant non-Gilbert damping mechanism. Such a narrowing with magnetic field is typically only observed in these chiral magnets in weak magnetic fields before entering the field polarized phase 34 . The origin of this narrowing is currently unclear. However, there have been predictions of an additional weak antiferromagnet order that exists on top of the ferrimagnetic order in Cu 2 OSeO 3 28 , and in MnSi type crystals in general 45 , which results from an additional spin canting that persists into the field polarized phase. We speculate that the narrowing of this excitation in field may stem from overcoming this canting in large fields, which would presumably reduce magnon coupling. We hope our measurements will inspire future investigations into this effect.
We also discovered that the uniform mode of Cu 2 OSeO 3 possessed a spontaneous decay rate in the zero temperature limit. One may be quick to ascribe such a zero temperature decay to inhomogeneous broadening from disorder. While we cannot definitely rule out this possibility, the strong field dependence of the spontaneous decay rate may be indicative of a different origin. In fact, there are several reasons to suspect that such spontaneous decays are permitted in Cu 2 OSeO 3 . Spontaneous decays, which require anharmonic magnon interactions are, generally speaking, only permitted if two criteria are met 69 . First, the spin order must be non-collinear due to symmetry and angular momentum conservation 69, 71 . Second, the magnon spectrum must be able to support magnon decays in a fashion that conserves both energy and momentum. We address these points below.
DM interactions are a natural mechanism to obtain a non-collinear spin structure and a coupling of transverse and longitudinal spin components, which may therefore permit anharmonic magnon interactions. Additionally, as we mentioned above, the uniform mode of Cu 2 OSeO 3 is not a state with well defined angular momentum but is instead a superposition of several angular momentum states. One would generally expect that the quantum entangled nature of this state would result in zero point motion and therefore may lead to spontaneous decays. Finally, the proposed additional antiferromagnetic order described above would likely also couple magnon states in such a fashion to result in a spontaneous decay. Further theoretical and experimental research is needed to investigate if these effects, or perhaps others, can account for the observed spontaneous decay rate.
With such anharmonic terms possibly allowed the question remains how the uniform mode, the expected global minimum of the spin wave spectrum, can decay while conserving energy. While the minimum of the magnon band is expected to be the uniform mode at k=0 from spin wave theory, weak dipolar interactions, which are always present in ferromagnets, raise the energy of the uniform mode in magnetic field by an amount proportional to the sample magnetization 70,72-74 . The resulting band structure then contains minima at small momenta k min > 0, the exact value of which depends on sample geometry. Therefore, the uniform mode can then in principle decay by splitting into magnons at the band minima assuming the kinematic requirements are met. Such magnon splitting through dipolar effects have been extensively studied in the similar compound YIG 70,72-74 .
Theoretical treatments which include dipolar effects are needed to determine if such effects can account for the observed decay of the uniform mode in Cu 2 OSeO 3 . We also note that it is also generally possible to observe a broadening of a resonance peak by nonequilibrium effects, in the form of a four magnon anharmonic interaction 75 . Such effects have been observed in microwave resonance experiments. However, the fields used in our THz measurements are substantially weaker than those of typical microwave resonance experiments and it is generally assumed that our experiments are strictly in the linear response regime. Therefore, we remark that while the spontaneous decay of the uniform mode may be caused by quantum interactions, further measurements and investigations are required to fully understand the origin of the spontaneous decay.
VI. CONCLUSION
In this work, high resolution terahertz transmission and polarimetry experiments were utilized to probe the magneto-optics of the skyrmion insulator Cu 2 OSeO 3 . Experiments performed throughout the magnetic phase diagram uncovered a new magnetic excitation which was shown to be folded from the zone boundary to the zone center, detected the magnetic phases including the skyrmion phase, and unveiled the unusual dynamics of the uniform precession of the field polarized phase. These observations were generally attributed to the effects of DM interactions, which may be particularly strong in Cu 2 OSeO 3 and are generally expected to impact the low energy magnetic response of this chiral magnet. Our results underline the need for further investigation into the effects of DM interactions in these systems.
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